A methodology for the experimental induction of bronchogenie carcinoma in conditions related to those of human expo sure to respiratory carcinogens is described. Animal of choice is the hamster. Polynuclear hydrocarbon carcinogens are pre pared as suspensions of fine crystalline particles and attached to a finely particulated inert dust which acts as a carrier; the mixed dust is suspended in saline and administered by intratracheal instillation. Penetration and distribution patterns are described. No necrosis and no chronic inflammatory reactions other than phagocytosis are induced. Repeated intratracheal in stillations of benzo[a]pyrene with hematite dust induce up to 100% incidences of respiratory tract tumors, mostly bronchogenie carcinomas. The morphology of these tumors appears very close to that of human lung cancer; squamous cell car cinomas are the most frequent type followed by anaplastia car cinomas and by a few adenocarcinomas. The experimental model presented here appears adequate for studies on factors involved in the pathogenesis of cancer of the lung.
INTRODUCTION
Cancer of the lung in man, particularly bronchogenic carci noma, showed the most remarkable increase in incidence in the past 50 years and has become one of the most serious problems in public health and a great challenge in preventive medicine. Its origin has been linked with a number of environmental factors, notably inhalation of cigarette smoke and pollution of the air by chemicals and by radioactivity. Experimental study of the conditions of exposure to respiratory carcinogens is essential in order to gain some knowledge of the interplay of factors necessary to the pathogenesis of this form of cancer (42) . Unfortunately, the search for an adequate method of experimental reproduction of bronchogenic carcinoma in ani mals, comparable to human lung cancer, met for a long time with a considerable lack of success. The earliest experiments that showed positive reproducible results were those with thread transfixions (1, 22, 52) , those using intrabronchial pellets (22) , and those using topical application of radioactive materials (2, 27, 28) .
The experiments of Della Porta et al. (4) , in our laboratory, had shown that the Syrian golden hamster was susceptible to the induction of tracheobronchial tumors, and that it was par ticularly suitable for lung experiments since untreated hamsters almost never develop spontaneous lung tumors and are quite resistant to pulmonary infections. However, the tumor incidence induced by their technic was very low and only one true bron chogenic carcinoma was induced; repetitions of some of their experiments with 7,12-dimethylbenz [a] anthracene (unpub lished observation), and with benzo[a]pyrene (BP) (42) , at the same dose levels, gave negative results. Further tests with the same technic by Gross et al. (12) only induced a few lung tumors, mostly peripheral, together with chronic pneumonitis. Besides, the carcinogen 7,12-dimethylbenz[a]anthracene, which is considerably cytotoxic, produced necrosis and bronchopneumonia with areas of carnification.
Pylev (31) (32) (33) (34) and Shabad (49, 50) reported positive results for the induction of bronchogenic carcinomas, following the intratracheal injection in rats of carcinogenic polycyclic hydro carbons dispersed in a 4% casein suspension in balanced saline to which India-ink powder was added. The induced tumors were described as bronchogenic and were preceded by the find ing of atypical hyperplasia and squamous metaplasia of the bronchial epithelium. Unfortunately, the rats were also found to develop chronic inflammatory changes and appreciable bronchiectases, as well as foci of interstitial fibrosis at the site of ink deposits (49) . Herrold and Dunham (15) administered sus pensions of BP in Tween 60 solutions to small groups of Syrian golden hamsters by intratracheal instillation. One group of 6 hamsters also received repeated urethan administrations. Six out of a total of 12 treated hamsters had tumors of the respira tory tract, including bronchogenic carcinomas. This technic has been subsequently used also by other investigators and its efficacy confirmed (29) . As we noted before in discussing the conditions of exposure of the lung to carcinogens (42) , the use of Tweens makes the conditions of tests further removed from those of human exposure, and somewhat complicated by the fact that Tvveen 60 has been found to have both carcinogenic and promoting activities for mouse skin (6) .
Most of the positive experiments described above involved severe damage to lung tissues with extensive chronic inflamma tory reactions. It was even repeatedly suggested that destruc tion of tissues and marked reactive processes were a contrib uting factor in the pathogenesis of lung cancers. This view, on the other hand, was somewhat difficult to accept, being contra dictory to the experience acquired in most other types of carcinogenesis.
An alternative explanation for the failure of the experiments in which carcinogens were administered by more "physiologic" ways and the success of the few drastic technics motivated our approach: that the essential factor involved was the adequate penetration of the carcinogen into lung tissues to attain a suffi cient effective dose at the target site. Once the carcinogens penetrate, as through areas of necrosis, they can then affect the bronchial mucosa, while it appears that in methods in which the penetration of the carcinogen is impaired by the mucous and ciliary barriers, no effect could be exerted on the target tissue. Accepting this view as a working hypothesis, a method was required for the administration of carcinogens that would permit extensive penetration of the carcinogen into the lung tissues and yet avoid necrosis and chronic inflammation; this mode of administration would also have to be as closely related as possible to the conditions of human exposure to inhaled carcinogens.
Previous experience with the histogenesis of lung lesions due to various kinds of dusts had acquainted us with the penetra tion, distribution, and activity of dusts in the lung of experi mental animals (30, 36, 37, 47, 48) . From these data and others in the literature (3, 13, 14, 23, 25, 26) , it became apparent that inert dusts of adequate particle size, such as carbon, iron oxide, and others, penetrate after inhalation or intratracheal injection in much the same way, through the walls of respiratory bron chioles and adjacent alveoli where they are subsequently phagocytized by macrophages and stored mostly in clusters of dustladen macrophages without any further development of the cellular reactions.
The basic approach followed in our studies is to attach the carcinogen (a polynuclear hydrocarbon) to particles of an inert dust so that the dust can act as a carrier and transport the carcinogen through the bronchiolar and alveolar wall into the lung tissues. Once penetrated, the carcinogen is gradually dis solved and eluted out by interstitial fluids and allowed to reach the bronchial mucosa from the basal membrane side, thus cir cumventing the mucous and ciliary barrier. In doing so, no necrosis and no extensive chronic inflammation need be pro duced ; this permits an experimental evaluation of their role, if any, in lung carcinogenesis. The mÃ©thodologie approach proved successful and has been extensively used in our laboratory. We have presented an outline of the method and of some results in some earlier reports (38-42, 44, 45) ; this paper is devoted to a detailed description of the methodology and of the induced lesions in the first experimental group in which a high yield of respiratory tract tumors was induced.
MATERIALS AND METHODS
Preparation of Materials. The following materials were used : (a) BP (3,4-Benzopyrene, S.A.F. Hoffmann-La Roche & Co. Ltd., Basle, Switzerland), which was used as supplied since this compound, from the same source, had been found to be of such high purity that nothing would have been gained by attempting further purification; (6) hematite (ferric oxide, Fe203, Fisher Scientific Co., Fair Lawn, N. J.), as a fine dust of the following particle size distribution, determined by air settlement and mi croscopic examination: 99.9%,<10.0 Â¡i; 99.7%, <7.5 Â¡t.; 98.9%, <5.0 n; 98.2%, <4.0 M; 97.9%, <3.0 M; 97.1%, <2.0 M; 94.1%, <1.0 fu-77.7%, <0.5 p.; 47.8%, <0.25 M; and (c) saline solution (0.9% sodium chloride, sterile, nonpyrogenic, Baxter Laboratories, Inc., Morton Grove, III.).
Equal weights of BP and hematite were transferred to a mullite mortar where they were mixed and then ground together for about one half hour, yielding a fine, homogeneously distrib uted dust containing 50% BP and 50% hematite by weight.
The resulting dust appears microscopically composed of evenly distributed particles of both compounds attached together to form small aggregates. In preparing the mixed dust, care was taken to ensure that both samples were perfectly dry in order to avoid formation of larger clumps. The microscopic appear ance of the mixed dust can best be appreciated using a micro scope with attachments for tungsten light, polarized light, and UV fluorescence; in this way, the homogeneity of the dust and the relative distribution of the two components can be con trolled, observing the red birefringence of hematite as well as the white-yellowish birefringence and the intense fluorescence of the carcinogen (Fig. 1) . Following prolonged grinding, the particles of carcinogen and those of the carrier dust adhere together by surface adhesion, and the mixed dust can be sus pended in saline without separating. If allowed to settle, it precipitates completely, showing that individual particles of carcinogen still adhere to those of hematite in suspension. The dust was stored in a glass bottle at room temperature in the dark. An adequate amount of dust was weighed out before each treatment and placed into a sterile 25-ml flask to which the saline solution was added to make a final concentration of 30 mg of dust per ml of saline. The suspension was shaken on a vibrator to ensure good dispersion (in later experiments it was found that a better dispersion is obtained by means of an ultrasonic probe) and then kept homogeneous by stirring on a magnetic stirrer during the whole duration of the experimental administration procedure.
Preparation of the mixed dusts could not be achieved just by adsorption since only microgram quantities of BP could be adsorbed on 1 gm of hematite, an amount too small for effective administration.
The dust was selected with the following criteria. It had to be an "inert" dust, not inducing fibrosis or any other marked tissue reaction besides phagocytosis and storage; its particle size had to be below the range that is optimal for complete penetration through the bronchiolar and alveolar walls and re tention on the lung (approximately 1-3 microns) because this range is attained when the carcinogen particles are attached to the surface of the particles of carrier dust forming aggregates.
Hematite had been used in many previous studies and found to be particularly adequate as an inert material (48) .
The carcinogen selected was BP because of its very low general and topic toxicity and because of its occurrence in human exposures.
Selection of Animal Species. Syrian golden hamsters of both sexes, obtained from the random bred colony of this Institute, were used. They were divided by sex at weaning and distributed six per cage in plastic cages with sterilized granular cellulose bedding in an air conditioned room. They were fed Rockland Rat Diet (A. E. Staley Mfg. Co., Decatur, 111.) in pellets and tap water ad libitum.
The Syrian golden hamster was selected as the most appro priate experimental species after a series of trials and in con sideration of the following facts. It has practically no spon taneous lung tumors: 1 instance of a pulmonary adenomatoid lesion was found years ago in over 500 controls in our labora tory (51, 55) . No other spontaneous lung tumors have been seen in any other large group in our colony. On the other hand, hamsters had proved susceptible to the induction of tracheobronchial carcinomas by polycyclic hydrocarbons in the experi ments of Della Porta et al. (4) , a finding confirmed by the results obtained by others (12, 15, 29) , and by those obtained in our laboratory using the present method, as well as by studies using remotely acting carcinogens such as diethylnitrosamine (7, 16) . Furthermore, the hamster offers great resistance to chronic inflammatory conditions of the lung which are so common in other species such as rats and guinea pigs. It be comes thus possible to perform lung carcinogenesis studies in the absence of such conditions as well as studies especially de signed for evaluating the role of purposely induced chronic inflammation in lung carcinogenesis. In addition, a large experi ence had been gathered in this laboratory on the carcinogenic response of the Syrian golden hamster to a variety of treat ments (5, 11, 35, 43, 51, (53) (54) (55) .
Treatment. The mixed dusts were administered in saline sus pension by intratracheal instillation. We selected administration by intratracheal instillations rather than by inhalation mainly because the amount of dusts administered can be much more accurately quantitated, the treatment can be completed in a much shorter period of time, and the selected dose of dust can be entirely injected into the respiratory tract, while treatment in inhalation chambers exposes the whole animal to the dust with possible penetration through the skin and the gastro intestinal tract. The basic patterns of penetration and distribu tion of the dusts in the lungs are similar by either route of administration, and since saline is rapidly adsorbed in the tis sues, the effects of the dust on the cellular reaction are essen tially the same.
Before each treatment the animals were anesthetized with a dose of 0.4 ml of a 1% solution of Brevital Sodium (Sodium a-d/-l-methyl-5-allyl-5-(l-methyl-2-penthyl)barbiturate, Eli Lilly & Co., Indianapolis, Ind.) injected intraperitoneally through the abdominal wall previously disinfected with a few drops of 70% ethanol. This quickly acting barbiturate was selected in order to avoid the edema and other changes in the lungs often associated with ether anesthesia, and to permit rapid resumption of the normal respiratory activity. As soon as an animal was anesthetized, it was placed hanging on a slanted board, its back on the board and its mouth kept open by hanging the lower incisor teeth on a wire hook while the upper incisors were retained by a tight rubber band, as shown in Fig. 2 . Then the selected volume of suspension was drawn out of the flask (while this was being stirred) using an 0.25-ml tuberculin syringe fitted with a blunt 19-gauge needle about 60 mm long and bent at a 135Â°angle at about 45 mm from the tip. A direct focusing headlight, worn by the operator, pro vided a clear view of the pharynx after the tongue of the ham ster was gently pulled outward and laterally with a forceps. When needed, the oral cavity was cleaned of mucus with a small cotton swab. The blunt tip of the needle was then inserted under the epiglottis to uncover the vocal cords, and then lightly pushed between these into the trachÃ©al lumen; a very light but definite bumping against the trachÃ©al cartilage rings advises the operator that the needle is properly inserted. The needle was pushed almost to the bottom of the trachea, the suspension gently injected, and the needle withdrawn. Inspection of the pharynx was continued for a short time and the hamster was kept on the board for a minute or two to make sure no suspen sion regurgitated. Following the injection, the animals showed a brief apnea, after which they rapidly resumed regular respira tion. With technical help for the anesthesia, each treatment only takes less than one minute. The apparatus used in preparing and injecting the suspensions was previously sterilized.
The hamsters were checked and weighed once weekly; ani mals in poor conditions were isolated in separate cages. The animals were either allowed to die spontaneously or were killed when moribund, and they were all autopsied.
A special technic was used for removing the lungs at autopsy in order to avoid their collapse and to fix them while fully expanded. The animals to be sacrificed were anesthetized as for treatment. The skin and muscle layers of the anterior neck region were dissected and the trachea exposed; a thread was inserted and loosely tied around the trachea; then the animal was bled by cutting the aorta through an opening in the ab dominal wall ; the ligature around the trachea was drawn tight and the chest cavity opened by cutting the diaphragm and the ribs on both sides and removing the sternum while carefully avoiding damage to the lungs. The lungs, still fully expanded, were excised en bloc with the trachea and mediastinal organs by grabbing the distal end of the esophagus with a forceps and pulling upwards while dissecting the loose connective tissue. A small lead weight was then attached to the trachÃ©al ligature and the whole block immersed in 10% neutral buffered for malin. Such method of fixation allows an excellent view of the pulmonary architecture, and at the same time it avoids artifacts due to forced introduction of fixative into the bronchial tree (24) . Following fixation, the pulmonary lobes were separated and sectioned each following the axis of the main bronchus. The trachea with the stem bronchi were also processed. Dehy dration in alcohol was carried out under vacuum until all air was removed from the specimens; paraffin sections were pre pared from all lobes as well as the trachea, the regional lymph nodes, and any other pertinent tissues.
Group 1 consisted of 30 $ and 30 9, 11 weeks old at the beginning of the experiment; they received a course of 15 intratracheal instillations given once weekly, each instillation con sisting of 6 mg of mixed dust (3 mg BP and 3 mg hematite) in 0.2 ml saline. Group 2 consisted of 24 $ and 24 9 in the same experimental conditions as Group 1; they received 15 intratracheal instillations, each of 3 mg of hematite alone and no BP. Group 3 consisted of 100 a and 100 9 ; these remained untreated. This group was otherwise handled in the same man ner as Groups 1 and 2.
RESULTS
Survival rates and average weights of the animals in experi mental and control groups are given in Chart 1. The animals in Group 1 with a high tumor incidence had a considerably shortened lifespan; among the females of Group 2 (hematite controls), a few cases of intercurrent diseases lowered some what the total survival. The average weight was only signifi cantly lowered in the males of Group 1, affected by the early development of respiratory tract tumors.
Preliminary studies have provided a general knowledge of the penetration, distribution and effects of the particulate car cinogens administered using the present method. Serial sacrifices at different times after the intratracheal instillations of dust suspensions showed that hematite particles penetrate freely through the walls of the respiratory bronchioles and alveoli and are then phagocytized by macrophages which form clusters of various sizes. A moderate histiocytic reaction follows around the dust deposits, and then subsides within a few days, only to leave small macrophagic nodules with no evidence of necrosis or other tissue reaction for the remaining life span of the hamsters (Figs. 3-6 ). This reaction is essentially similar to that previ ously observed in rats in similar conditions of treatment with hematite (37, 48) . When BP is added to the hematite, the pene tration, distribution, and tissue reactions are the same. Histo- Â«Animals that died in the first 6 weeks of treatment or that were lost because of post mortem changes or cannibalism were discarded. logically no acute toxic or necrotizing effects of BP were noted even with high doses. Using UV fluorescence microscopy, the particulate carcinogen, attached to the carrier dust, is seen to penetrate and to be phagocytized by macrophages. Within a few hours from the administration, BP appears to dissolve in the cells and to spread out to adjacent tissues reaching the mucosa of the large bronchi which appears brightly fluorescent.
The main findings are summarized in Table 1 . 
Group 1.â€"Thehamsters treated with 15 weekly intratracheal
instillations, each of 3 mg BP and 3 mg hematite, showed the dust well distributed in all lobes and collected in the typical clusters of macrophages around bronchiolar walls. Other chronic inflammatory changes were only occasionally seen, particularly in some animals in which tumors of the trachea or bronchi obstructed the lumen producing atelectasis, acute bronchitis, and occasionally interstitial pneumonitis in the areas distal to the obstruction.
A high incidence of tumors of the respiratory tract was induced, as shown in Table 2 . The total number of tumorbearing hamsters and of induced tumors is higher in females than in males, but when the cumulative total number of tumors observed is plotted against time (Chart 2), the distribution patterns for males and females appear quite similar. Males actually started showing their tumors earlier than females, but then all the males were dead by the 45th week while the last females lived up to 60 weeks; a few males died without tumors in the first weeks of the experiment, before the end of the treatment. The last of the 15 instillations was given at the end of the 14th week of experiment and the carcinogen could be estimated to have remained in the lungs for about two more weeks (39) . Therefore, the exposure of the lungs to BP lasted about 16 weeks. All the animals that died after the 16th week had one or more tumors of the respiratory tract; therefore, the incidence of these tumors after the end of the exposure was 100% in both sexes. The morphology of the tumors is described below.
Controls.â€"No tumors of the respiratory tract were found in
any of the control groups. In Group 2, treated with hematite alone, 2 males showed peripheral bronchiolar adenomatoid le sions similar to those described below for Group 1, but very small. The incidence of other tumors was within the limits of variation normally seen in our colony of hamsters. Morphologic Findings. The general distribution of dust particles in the lungs following intratracheal administration has been outlined above. At the end of 15 weekly instillations (Fig. 5) , the dust appears collected by clusters of macrophages mostly around the wall of respiratory bronchioles. The topical reaction at the site of deposition of the dust does not develop any further (Fig. 6 ). This basic picture is the same for the groups receiving hematite alone, as well as for those receiving hematite with BP.
The lesions attributable to the action of the carcinogen (Group 1) range from hyperplastic changes of the tracheobronchial mucosa to extensive tumors. Their incidence is re ported in Table 2 ; their morphology will be presently described.
Almost all the lesions appear to originate in the mucosa of the respiratory tree, from the larynx and the trachea down to the bronchial and bronchiolar epithelial lining.
Hyperplasia of the bronchial or trachÃ©alepithelium was observed in several cases with various degrees of intensity. In some instances it showed rather atypical features (Fig. 7) .
Squamous metaplasia developed as one of the earliest in duced changes: it was found as early as at the 7th week of treatment in the trachea and at the 9th week in the bronchi; only occasional instances were found after the 21st week. It occurred in patches in the trachea! or bronchial epithelium and, in most cases, it showed considerable keratinization (Figs. 8-10). Although most instances were seen in the large bronchi and the trachea, patches of squamous metaplasia occurred in a few cases in the bronchiolar and alveolar epithelium. When metaplasia was found to be part of a neoplastic lesion, it was not counted separately.
Bronchogenic carcinoma was the most frequent type of tumor induced. Several hamsters showed more than one bronchogenic carcinoma; thus, 8 males bore a total of 13 such tumors and 11 females a total of 19. They were found as early as at the 13th week of treatment and continued to be found until the last animals were autopsied. They ranged in size from microscopic lesions to large masses involving most of a lobe. They were found most frequently in the proximal parts of the bronchial tree: the stem bronchi and the first divisions of the bronchi.
Microscopically they showed the 3 main types of differentia tion that are known from human pathology: squamous cell carcinoma, anaplastic carcinoma and adenocarcinoma.
Squamous cell carcinomas appeared earliest: 2 were found at the 13th week of treatment (Fig. 11) . In most instances their origin from the bronchial epithelium was clearly recognizable (Figs. 11-16 ). Various degrees of squamous differentiation were found in different tumors, as well as in different parts of the same tumor. Some were highly keratinizing (Figs. 15, 17,  19 ), others mostly infiltrating (Figs. 12-14) ; some were poorly differentiated with areas showing anaplastic patterns. Different aspects were sometimes found in the same tumor, particularly in the case of large tumors (Figs. 16-19 ).
Anaplastic carcinomas appeared at a later time in the experi ment than the squamous variety: the first ones were found at the 21st week in males and at the 38th week in females. As in human pathology the distinction between the less differentiated squamous carcinomas and the anaplastic carcinomas is some what arbitrary. The observed anaplastic carcinomas were all of the large cell type (Figs. 24, 26) ; no tumor has been found resembling the oat-cell carcinoma of human pathology. The cellular patterns observed showed considerable variety, even in the same tumor (Figs. 22-24, 25-28) ; spindle-cell patterns were found particularly in carcinomas growing into the tracheobronchial lumen. In many instances the tumors clearly were derived from the bronchial epithelium (Figs. 23, 29) . Certain anaplastic carcinomas showed areas with definite differentiation either of the squamous cell type or, in fewer instances, of the adenocarcinomatous type, or of both types together (Figs.  25-28 ).
Adenocarcinomas were the last type to be found and the least frequent. They showed formation of acini and tubules with different degrees of differentiation, some with active mucus secretion (Figs. 20, 21, 30, 31) .
Bronchial adenomas were found in a few cases; a small ade noma was found in each of 3 males and 2 adenomas in one female. Only one of those found in the female was large and similar to those observed in mice (Figs. 32, 33 ). The others were smaller, with poorly defined edges (Fig. 34) . They all appeared to derive from outgrowths of the epithelium of small bronchioles.
Bronchiolar adenomatoid lesions were seen as early as the 7th week of treatment and occurred throughout the experiment. They appeared as proliferations of the bronchioles to form an adenomatoid pattern lined by columnar or cuboidal cells (Fig.  35) . Their size varied considerably; some showed only a few acinar formations around a bronchiole and others spread exten sively around the bronchiole involving the adjacent alveoli. They were occasionally found in controls given dust alone. None were found in the untreated controls.
Tumors of the trachea and larynx. Papillomas and carci nomas of the trachea were the earliest tumors found in the experiment (9th week in males and 14th week in females). They appeared, in most instances, as papillomatous growths partly or almost totally obstructing the trachea! lumen (Fig.  36) . A few carcinomas were of the infiltrative type (Fig. 37) . Except for a trachea! polyp in a male, all these tumors were of the squamous cell type; in a couple of instances tubular features were found in some areas of a carcinoma. The 2 laryngeal tumors were also squamous cell carcinomas, poorly differentiated. One carcinosarcoma, with both carcinomatous and sarcomatous tissues intricately mixed, and two fibrosarcomas of the trachea were found. The significance of the trachÃ©al tumors will be discussed below.
No mÃ©tastases of the respiratory tract tumors were observed in the present material. MÃ©tastasesfrom bronchogenic carci nomas were observed in a few cases in subsequent experiments (44) where they were found in the lungs (as small scattered nodules sometimes showing arterioles plugged by tumor cell emboli) and in the regional lymph nodes.
DISCUSSION
The purpose of this method is to induce a high incidence of bronchogenic carcinomas without unwanted side effects, and particularly without extensive destruction of lung tissue and chronic bronchopneumonia, using a mode of administration re lated as much as possible to the conditions of human exposure to respiratory carcinogens.
The idea of administering the carcinogen in a suspension of fine crystalline particles attached to a carrier dust was devel oped for a number of reasons. We wanted to avoid drastic treatments that produce extensive damage to the tissues. We also wanted to avoid using colloidal suspensions such as those previously tested in the hamster in our laboratory (4, 42) because the physical distribution of the carcinogen in the sus pension is hard to control, and only relatively low concentra tions of the carcinogen can be prepared and kept in suspension. Besides, the administration in colloidal suspensions represents an experimental model extraneous to the conditions of human exposure. On the other hand, extensive knowledge has been gathered on the penetration of dust particles into the lungs. Entrance of carcinogens into lung tissues together with carrier dusts seemed to be a likely explanation of the mechanism for human exposure to inhaled carcinogens.
The relative amounts of carcinogen and of carrier dust in a mixture can be made to vary considerably. We have used mix tures of BP and hematite containing up to 50% carcinogen by weight without any difficulty; mixtures containing 75% or more BP in hematite did not show sufficient adhesion of the carcinogen particles to the carrier dust, so that part of the carcinogen was found floating when the dust was suspended. Suspending BP only, without a carrier dust, proved even more difficult unless a surface active agent was added to the saline, and we have abandoned attempts to use this type of adminis tration.
The method reported here was found to be effective for the experimental induction of bronchogenic carcinomas and other tumors of the respiratory tract. A number of serious disadvan tages inherent to other technics used for lung cancer induction in animals have been eliminated. No necrosis with consequent inflammatory processes need be induced ; the carcinogen is made to penetrate through a "physiologic" portal of entry and its only vehicle is an inert dust, the distribution and fate of which can be easily observed; the Syrian golden hamster appears to be a choice animal for these studies because of its lack of spon taneous lung tumors and of its resistance to chronic pneumonia ; the dose of carcinogen injected into the lungs can be determined with great accuracy for each animal and chemically recovered with a 100% yield (39) ; the method fairly closely repro duces many of the conditions of human exposure to respira tory carcinogens and thus opens the way to their experimental study (42) .
The morphology of the induced lesions is remarkably close to that observed in human lung cancer, particularly in the topog raphy of the bronchogenic tumors, mostly arising from stem bronchi or their proximal divisions, and in their histologie types and patterns that often reproduce the classical picture of their human counterparts.
The sequence of changes in the bronchial epithelium, sug gested by the observation of the present material, appears to begin with very early hyperplastic changes, sometimes markedly atypical. They were also described following instillations of col loidal suspensions of 7,12-dimethylbenz[a]anthracene (4, 49) . Squamous metaplasia also appears quite early and develops in patches; again it can show more or less atypical features. From squamous areas the earliest neoplastic plugs appear to invade the underlying connective tissue. Most bronchial carcinomas in our series clearly show areas in which there is continuation from normal epithelium to hyperplastic and/or metaplastic areas and to fully neoplastic invasive tissue. Squamous cell and anaplastic carcinomas were the most frequent types, as in man, but some adenocarcinomas were also induced. It has been sug gested (21) that adenocarcinomas in man may be unrelated to exposure to environmental respiratory carcinogens; it is of interest to note that they were induced by direct exposure to BP in our animals, but that their frequency remained con siderably lower than that of squamous or anaplastic tumors.
The trachÃ©al tumors were relatively frequent and appeared early. One might suspect that in their induction a role might be played by repeated mechanical injury during the intratracheal instillations. But we have come to consider this expla nation unlikely for the following reasons: (a) the cannulas used for the instillations had blunt ends and we found abso lutely no microscopic evidence of any scratching or wounding of the trachÃ©al mucosa; (6) there is no deposition of dust par ticles in the trachÃ©al walls; and (c) the carcinogen is eluted out from the areas of dust deposition and flows toward the hylum, reaching the large bronchi where most tumors arise, and then the trachÃ©al wall. In this respect the trachÃ©al tumors in these experimental conditions could be considered as having the same pathogenetic significance as the bronchial tumors.
A more detailed morphologic classification and an evaluation of the relative frequency of the various types of tumors and of their distribution will be attempted when the cumulative results of several other experiments will provide us with a much larger total number of cases.
The peribronchiolar adenomatoid lesions are still somewhat difficult to interpret. They have been seen in control animals and have been described in different pathologic conditions of the lungs, particularly in the course of chronic inflammation and fibrosis and following exposure to influenza viruses in mice (20) . However, their incidence appears greatly increased and their appearance accelerated by the carcinogen. They have been clearly described by Herrold and Dunham (15) in their experi ments on hamsters with BP in Tween solution, and also re ported by Shabad in rats (49) . In the material of the experi ments presented here, we did not find sufficient evidence to claim that any of the tumors originated from such lesions; however, in further studies, some instances of direct extension of peripheral proliferative lesions into neoplastic areas were observed (44) .
The pathogenetic mechanisms involved in the induction of lung cancer in the experimental model described here present a number of problems for discussion. Some of these problems appear similar to those posed by human lung cancer. The car cinogens entering into the respiratory tract reach its peripheral portion and penetrate into the tissues, together with their carrier particles, through the flat epithelial lining of the respira tory bronchioles and alveoli. The particles are phagocytized by clusters of macrophages near the sites of penetration, and the macrophages retain them for some time as shown by UV fluorescence microscopy. The carcinogen is then eluted out by plasma with a mechanism comparable to that described by Falk et al. (9, 10) and by Kotin (17) . Halos of BP fluorescence can in fact be seen around the macrophages. However, most tumors in our experimental model, as well as in human pathol ogy, arise from the mucosa of the proximal parts of the tracheobronchial tree, including the large bronchi, the stem bronchi, and the trachea, rather than from the peripheral (bronchiolaralveolar) parenchyma. The cells that are first hit by large amounts of the carcinogen are connective tissue cells, macro phages, fibroblasts of the bronchiolar wall, alveolar septa, and capillary endothelia: yet no pulmonary sarcomas were ever seen in our experimental animals and these tumors are ex tremely rare in man. The carcinogen, eluted out by plasma, then appears to spread out. Kotin et al. (19) showed that radioactivity from BP-14C, instilled intratracheally in rats, is recovered in various other organs and it appears in feces and urine within a few hours. Preliminary observations by UV fluorescence microscopy have allowed us to follow the elution of BP from the dust stored in the peribronchiolar macrophages and to follow its flow through the interstitial tissue to reach the mucosa of the larger bronchi and trachea. The elution of the carcinogen and its retention in the lungs are influenced by the original vehicle (19) and other factors, such as dose level and particle size, presently under study in our laboratory (39, 42, 46) . A reason for the prevalent proximal location of the tumors could be that the proximal segments of the respiratory tract, where the eluted carcinogen converges from all the pe ripheral lobules, represent areas of maximal tissue exposure to the carcinogen. Both time and concentration must be con sidered in assessing the effective cellular exposure at different levels of the respiratory tract. Another possibly determinative factor could be the susceptibility of the different cells of the respiratory tract as represented, for example, by their different binding capacity for the carcinogen. Studies of the distribution of BP in cells of the different portions of the respiratory tract are under way in our laboratory. The carcinogen is eluted out of the carrier dust at sites somewhat remote from those of origin of the tumors; in our model, increasing the amount of inert dust does not influence the recovery rate of BP (46) . The dust, therefore, plays a very important role in the essential initial phase of penetration of the carcinogen into the pulmo nary tissue but does not appear to play any direct topical role in the neoplastic transformation of the epithelial cells of the tracheobronchial mucosa.
The conditions of exposure to respiratory carcinogens for lung cancer induction encompass a variety of physical, chemi cal, and physiopathologic factors (8, 18, 42) . The understand ing of their role is the main object of our studies with the present method.
To date, the conclusions acquired from our studies can be summarized as follows, (a) The present method has been found adequate to induce a high incidence of tracheobronchial tumors (up to 100% of the survivors after treatment), (o) Most of the induced tumors clearly show their origin from the tracheo bronchial epithelium and include a large proportion of bronchogenie carcinomas of the 3 main types seen in human pathology (squamous cell, anaplastic, and adenocarcinoma). (c) No ex tensive necrosis and no chronic inflammation other than dust phagocytosis are involved in the lung response to the adminis tration of the carcinogen. Therefore, these factors are not required as an essential part of the pathogenetic mechanism of bronchogenic cancer, (d) No special solvents or colloids are required for the administration of the carcinogen carried by dust particles; the method of administration in particulate form bears close resemblance to the conditions of human exposure to respiratory carcinogens.
Adequate penetration of the carcinogen into the lung tissues and its spread from there to reach the bronchial epithelium by diffusion seem to be the key factors in the induction mecha nism of bronchogenic tumors. A number of studies on the physi cal factors that control the penetration, phagocytosis, elution, and diffusion of the carcinogen are presently under way in our laboratory. The methodology reported here gives us an oppor tunity to investigate the role in lung carcinogenesis of such factors as : the particle size of the carcinogen and of the carrier dust; the surface characteristics, adsorptivity and solubility of the particles; the role (if any) of the load of inert dust in the lung; the doses of carcinogen and the periods of exposure; the modes of penetration, distribution, and spread of carcinogens in the lung; the role (if any) of chronic inflammation that can now be superimposed to a model that does not imply it; the role of additional factors such as other chemicals or viruses; and the role of certain conditions of the host and of factors affecting them in relation to the susceptibility to carcinogenesis of the bronchial epithelium as, for example, the role of cellular differentiation in the bronchial epithelium as modified by vita min A administration (45) .
It is hoped that the present experimental model will contrib ute a useful tool in the understanding of the histopathogenesis of cancer of the lung and in the search for its causative mechanisms. . The dust suspension is kept on a magnetic stirrer (lower left); the ham ster's throat is illuminated by a headlamp (upper right). Fig. 3 . At 24 hr after single instillation, most dust has penetrated into the walls of respiratory bronchioles and alveoli ; no penetra tion is observed through the terminal bronchioles. X 36. Fig. 4 . At 48 hr after single instillation, the dust appears phagocytized. A moderate histiocytic reaction has developed around dust deposits, x 97. Fig. 5 . Dust distribution at the end of the 14th week of treatment, after a course of 15 instillations. The dust appears still located in the walls of respiratory bronchioles and alveoli. No inflammatory reaction other than the accumulation of macrophages at the sites of dust deposition. X 30. Fig. 6 . Dust distribution at the 45th week, i.e., 31 weeks after the last instillation. The dust is still mostly deposited in its original sites and no further inflammatory reaction has developed. Note dust particles aligned in the peribronchiolar lymphatics, and some in the lumen, representing the two main clearance mechanisms for inert dusts. X 55. Fig. 7 . Bronchial hyperplasia with highly atypical changes, including altered polarity and pleomorphie nuclei. X 375. Fig. 8 . Bronchial squamous metaplasia (14 weeks). X 160. Fig. 9 . TrachÃ©alsquamous metaplasia with hyperkeratinization (9 weeks). X 280. Fig. 10 . Bronchial squamous metaplasia with hyperkeratinization and atypical changes ; some dust has remained trapped in the bron chial lumen between keiatin layers. Some nests of atypical cells below the basement membrane (ai-row) indicate a very early malig nant invasive change. Same animal as in Fig. 11, ( a, 13 weeks) . X HO. Fig. 11 . Early invasive bronchogenic squamous cell carcinoma ( $, 13 weeks; same animal as in Fig. 10 in another part of the bronchial tree). X 105. Fig. 12 . Squamous cell carcinoma arising from the epithelium of the main bronchus of the left lobe and infiltrating through the basal membrane ( 9 , 57 weeks). X 135. Figs. [22] [23] [24] . Panoramic view of the right lower lobe (Fig. 22, 9 , 49 weeks, X 17), with discrete dust deposits and a small anaplastic carcinoma of the main bronchus showing invasion from the bronchial epithelium (a: Fig. 23, X 145) and the large-cell pattern of the tumor with some multinucleated giant cells (6: Fig. 24 X 225) . Figs. 32, 33. Adenoma in the right upper lobe ( 9, 49 weeks) with a pattern similar to that of lung adenomas in mice. Note the dust particles trapped between the tubular structures. (Fig. 32, x 16; Fig. 33, X 234) . Fig. 34 . Small adenoma around a bronchiole in the right upper lobe ( $, 45 weeks). X 58. 
